Using (C 16 H 36 O 4 )Ti and Yb(NO 3 ) 3 solutions as raw materials, Yb-doped TiO 2 hollow spheres (Yb-TiO 2 HS) with different doping ratios (Yb : Ti ¼ 0.5%, 1%, and 1.5%) were successfully fabricated via a sol-gel template method with melamine-formaldehyde polymer microspheres (MF) as templates. The YbTiO 2 HS were characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction, specific surface area and porosity analysis, ultraviolet-visible-light diffused reflection spectroscopy (UV-DRS), and luminescence spectroscopy. 
Introduction
Dye wastewater, a pollutant of waters from the dyeing and printing industry, is harmful to the environment and human health. Since the components of this pollutant are difficult to degrade under environmental conditions, numerous researchers are concentrated on this issue for effective solutions.
TiO 2 has been extensively applied in the eld of water purication and environmental protection due to its high photocatalytic efficiency, chemical and optical stability, low-cost, and non-toxicity. [1] [2] [3] However, due to its wide band-gap energy (3.2 eV) 4 and high recombination ratio of electron-hole pairs, 5 only 5% solar-light (ultraviolet) can be absorbed and used by TiO 2 . The low absorption of solar light limits the extension of TiO 2 in practical applications. To extend the optical response range and decrease the recombination ratio of electron-hole pairs of TiO 2 and thus obtain effective sunlight or visible-light photocatalytic activity, TiO 2 was modied using some methods such as element doping. Non-metallic (such as B, N, and C) and metallic (such as Fe and Cr) doping can effectively shorten the width of the band gap and inhibit the recombination of photoinduced electron-hole pairs. [6] [7] [8] [9] [10] Due to their incompletely lled 4f and empty 5d orbitals, 11, 12 rare earth elements have been widely applied in the elds of upconversion and luminescence materials, 13, 14 catalysis, 15 and solar cells. 16 Doping TiO 2 with rare earth elements not only inhibits the recombination of photoinduced electron-hole pairs in TiO 2 due to the special electron orbit structure of lanthanon, but also restrains the transformation of the anatase phase to the rutile phase in the TiO 2 lattice and crystalline grain thinning. [17] [18] [19] Nanostructured Yb 3+ -doped TiO 2 was fabricated by Liu 20 and it displayed improved photocatalysis for the degradation of orangeII. Romero 17 synthesized a series of rare-earth ion-doped TiO 2 powders via a sol-gel method and found that the rare earth ions are positive for the photocatalytic performance because they can inhibit the transformation of the crystalline phase of TiO 2 from the anatase to the rutile phase.
Moreover, the photocatalytic activity of TiO 2 is also correlated with its morphology and microstructure. Some special structures such as nanorods, 20 nanotubes, 21 and hollow spheres 22 attracted extensive attention due to their low density and high surface area and thermal stability. Furthermore, the self-light scattering properties of the hollow sphere cavities can improve the availability of sunlight. 10, [23] [24] [25] [26] Recently, many efforts have been applied in the preparation of nano-or micro-sized hollow spheres. A template-directed synthesis using a hard template, such as carbon or polymer spheres, [27] [28] [29] and so template, such as gas bubbles, 30, 31 has been widely applied in the preparation of inorganic hollow spheres due to its higher success rate and facile control of the morphology of the hollow spheres. Melamine-formaldehyde polymer microspheres (MF) have attracted signicant attention as a template due to the advantages such as ease of preparation, low-cost, environmentally friendliness, and ease of removal.
32,33
In this study, Yb-doped TiO 2 hollow spheres (Yb-TiO 2 HS) were successfully synthesized via a sol-gel method with the assistance of MF templates. The photocatalytic activities were estimated by the degradation of an aqueous solution of methyl orange (MO) under visible-light irradiation.
Experimental

Preparation of MF
First, 9.8 g formaldehyde solution (37%) and 200 mL deionized water were added into a three-necked ask and heated to 80 C.
Then, 2.5 g melamine was dissolved in the solution under constant stirring for prepolymerization. Aer 20 min, 0.6 mL of a formic acid (pH ¼ 2) solution was introduced into the aforementioned solution, and the resulting mixture was stirred for 40 min. Finally, white MF were obtained by centrifugation, washing the resulting mixture four times with deionized water, and then drying in air at 60 C. The obtained samples with different ratios of Yb doping (Yb : Ti ¼ 0.5%, 1%, and 1.5%) were dened as 0.5-1.5%Yb-TiO 2 HS. The TiO 2 @MF composite microspheres (TiO 2 @MFCS) were synthesized using a similar process, and only 1 mL of deionized water was induced into system of the reaction; TiO 2 hollow spheres (TiO 2 HS) were prepared using a similar calcination process that was used for the preparation of Yb-TiO 2 HS.
Synthesis of
Characterization of Yb-TiO 2 HS
The crystal structures of the resulting products were determined using powder X-ray diffraction (XRD, Bruker D8 Advance, Cu-Ka radiation, l ¼ 0.15418 nm). Fourier transform infrared spectroscopy (FT-IR) was performed via a PerkinElmer Spectrum Two FT-IR Spectrometer using the potassium bromide (KBr) pellet technique. The morphology and structure of the samples were obtained by scanning electron microscopy (SEM, JSM-5510LV) and transmission electron microscopy (TEM, JEOL, JEM-2100, 200 kV). X-ray photoelectron spectroscopy (XPS) was carried out via a KRATOS AXIS-ULTRA DLD-600 W X-ray photoelectron spectrometer using Al-Ka radiation, and the binding energy reference was taken at 284.6 eV for the C 1s peak. The luminescence spectra were obtained using a uorescence spectrophotometer (Hitachi, F-4600), with an excitation wavelength of 275 nm. Ultravioletvisible-light diffused reection spectra (UV-DRS) were obtained using a PerkinElmer lambda 35 UV/VIS spectrometer with an integration sphere using BaSO 4 as the reference sample. Nitrogen (N 2 ) adsorption-desorption isotherms and pore size distribution curves were obtained at liquid N 2 temperature using a Nova 2000e surface area and pore size analyzer.
Photocatalytic activity measurements
The photocatalytic performance of Yb-TiO 2 HS was estimated by the degradation of a methyl orange (MO) dye solution with a concentration of 20 mg L À1 under visible-light irradiation. The photocatalytic reaction device was prepared in the laboratory by our group, as shown in Fig. S1 . † A 150 W halogen tungsten lamp was used as the light source. A beaker equipped with a UV cutoff lter cutting the light below 450 nm was used as the photoreactor. In each experiment, 0.05 g of sample was ultrasonically dispersed in 50 mL of the MO solution for 10 s. Then, 5 mL of hydrogen peroxide (H 2 O 2 ), as the promotor, was added to the reaction system under magnetic stirring for 30 min in the dark to achieve an adsorption-desorption equilibrium. Then, the solution was exposed to visible-light irradiation (l ¼ 450 nm) in the photoreactor under magnetic stirring. At a given irradiation time interval, 5 mL of the suspension was taken out and centrifuged at 8000 rpm for 10 min to separate the dye solution.
The concentration (C) of the centrifuged solution and the initial concentration (C 0 ) of the MO solution were represented by the absorbance (A 0 ) and A, respectively, which were obtained using a UV/vis spectrophotometer (PerkinElmer lambda 35 UV/VIS Spectrometer). The degradation rate of MO solution was calculated as 1 À C/C 0 .
Results and discussion
XRD analysis
The XRD patterns of Yb-TiO 2 HS with different molar ratios of Yb doping aer calcination at 500 C are shown in Fig. 1 Fig. S2 . † The crystalline grain sizes at the anatase diffraction peak (101) were calculated using the Scherrer equation as follows:
where D is the crystalline grain size, l ¼ 0.15418 nm for Cu Ka radiation, K is a constant usually taken as 0.89, B represents the full width at half maximum (FWHM) of the respective line in radians, and q is the angle of the Bragg reection at the anatase diffraction peak (101) of different samples. The crystalline grain sizes decreased aer Yb-doping, as shown in Fig. S3 . † The lattice parameters and the unit cell volumes (V) of the unit cell of the anatase phase for both the doped and undoped TiO 2 samples were calculated by the lattice parameter eqn (2) of the tetragonal system and cell volumes formula (3), respectively, The results are presented in Table 1 .
As summarized in C-N-C vibrations, respectively. These results indicate that the MF resins were successfully synthsized. 33 The FT-IR spectrum of TiO 2 @MFCS is similar to that of the MF template, except for a decrease in intensity occurred at some peaks such as the peak corresponding to the ether groups (1007 cm À1 ). This decrease in the peak intensity can be attributed to the coating of the precursor nanoparticles on the surfaces of the MF. As shown in the spectra of 
FT-IR analysis
Morphology, specic surface area, and porosity analysis
The TEM and the SEM images indicate that each sample has a uniform spherical morphology with a size about 1.8-2 mm. The SEM images of the MF with smooth surfaces are shown in Fig. 4a . As shown in Fig. 4b , the TiO 2 @MFCS inherit the spherical morphology of the MF templates, but the surface of the composite microspheres are much rougher than those of pure MF due to the TBOT hydrolysis reaction, which generated the MF templates coated with the TiO 2 colossal particles; thus, the size of the TiO 2 @MFCS (about 2 mm) became slightly larger than that of MF (about 1.8 mm) (Fig. 4b) . Fig. 4c, d and e, f show the SEM images of TiO 2 HS and 1%Yb-TiO 2 HS, respectively. The crushed microspheres shown in Fig. 4c and e revealed that the microspheres are hollow structures. The obtained microspheres have an average particle size of about 1.8 mm. As shown in the TEM images of 1%Yb-TiO 2 HS (Fig. 5) , the strong contrast between the dark edges and the pale center further conrms that all the microspheres have a large hollow cavity of about 1.8 mm size, which is in agreement with the TEM observations. Overall, the 1%Yb-TiO 2 HS was successfully fabricated by a solgel template method using the MF as the template. The N 2 adsorption-desorption curves of 1%Yb-TiO 2 HS and TiO 2 HS are shown in Fig. S5a and b , † respectively; the curves exhibit isotherms with a clear hysteresis loop, indicating the existence of mesoporous structures of 1%Yb-TiO 2 HS and TiO 2 HS. The specic surface areas of 1%Yb-TiO 2 HS and 
Luminescence and UV-vis diffuse reection spectrum (UV-DRS)
The optical absorption abilities of the samples were demonstrated by diffuse reectance spectroscopy (DRS) in the optical wavelength range of 300-800 nm, as shown in Fig. S6 . † When compared with commercial P25 TiO 2 powder (P25), the absorption peaks of TiO 2 HS and Yb-TiO 2 HS exhibit a signicant enhancement in intensity in the region of visible-light. The K-M function transformed spectra of the samples were obtained using the Kubelka-Munk function method (K-M function), 43 as shown in Fig. S7 . †
The corresponding values of the band gap (E g ) were calculated according to tangent valuation method, as shown in Table 2 . Upon Yb doping, the E g value gradually decreased.
Although the electrons (e À ) and holes (h + ) separate under light irradiation (l ex ¼ 275 nm), the e À and h + combined, generating a luminescence phenomenon. The intensity of the luminescence reects the recombination ratio of the e À and h + .
The shapes of the luminescence spectra of each sample are quite similar, as shown in Fig. S8 . † The lowest intensity of 1% Yb-TiO 2 HS indicates the lowest recombination ratio of the e À and h + .
Visible-light photocatalytic activity
The visible-light (l > 450 nm) photocatalytic activities of the samples were estimated using degradation of MO dye, as shown in Fig. 6a . The photocatalytic activity of TiO 2 HS is better than that of P25. Upon Yb doping, the photocatalytic activity of the YbTiO 2 HS is further improved and reaches a maximum of 89% MO degradation at the doping ratio of 1%. Fig. 6b shows that the MO was almost completely degraded with 1%Yb-TiO 2 HS aer 5 h.
Since excessive Yb will form a new center for the recombination of electron-hole pairs, the photocatalytic activity will decrease if the doping ratio of Yb is signicantly increased. Fig. S9 † shows the cyclic activity of 1%Yb-TiO 2 HS under visible-light irradiation. Aer three cycles, the degradation of MO remained at 89%. Fig. 7a and b show the photocatalytic decomposition rates and the surface absorption abilities of the MO solution at pH of 1, 3, 5, 7, and 9 with 1%Yb-TiO 2 HS, respectively. Upon increasing the pH, the decomposition rate and the surface absorption ability decreased. These results prove that the positive surface charge of TiO 2 under an acid environment is benecial for TiO 2 to absorb the anionic MO and the enhancement of its photocatalysis ability. 27 As shown in Fig. 7c Extending the light absorption of TiO 2 to the visible region and narrowing the band gap of TiO 2 are effective methods for enhancing visible-light photocatalytic activity. As mentioned in the UV-DRS analysis (Fig. S6 †) and the data obtained for the band gaps (Table 2) , Yb-TiO 2 HS exhibited a wider absorption range in the visible region and a narrower band gap than pristine TiO 2 . These results were attributed to two reasons, as shown in Scheme 1. The rst reason is the band gap narrowing, in which Yb doping leads to the appearance of oxygen vacancy defects. 44 In addition, a small amount of residual carbon atom doping in TiO 2 replaced the oxygen state in the TiO 2 HS lattice via the calcination of MF at 500 C, which also leads to a narrowing of the band gap.
45
The second reason is the separation of electron-hole pairs; the luminescence spectra (Fig. S8 †) indicates that Yb 3+ doped in TiO 2 can form centres for electron capture, promoting the separation of the electron-hole pairs. The reason for this was attributed to the formation of an empty 4f impurity energy level in the rare earth ions between the conduction and valence bands in the TiO 2 energy band structure. 44, 46, 47 However, the luminescence intensity of 1.5%Yb-TiO 2 HS was stronger than that of 1%Yb-TiO 2 HS, which shows that an excessive Yb 3+ in TiO 2 will form a new center for the recombination of the e À and h + . The XPS (Fig. 3d) and the FT-IR (Fig. S4 †) spectra show species such as -OH and COO-on the surface of TiO 2 aer Yb doping. These species can promote the degradation of dye under light irradiation. Moreover, Yb doped in TiO 2 can restrain the phase transition of TiO 2 from anatase to rutile (Fig. 2) . The crystalline grain sizes of Yb-TiO 2 HS (Fig. S3 †) calculated using the Scherrer equation indicate that a certain ratio of Yb dopant can lead to crystalline grain size thinning. The small crystalline grain size can increase the surface area of TiO 2 HS, which was proven in the BET analysis (Fig. S5 †) . [48] [49] [50] In addition, the acidic environment prompts the photodegradation of MO under visible- 
Conclusions
In summary, Yb-doped 
